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PolyacrylateShape Memory Polymers (SMPs) exhibit the intriguing ability to change back from an intermediate, deformed
shape back to their original, permanent shape. In this contribution a systematic series of t-butylacrylate-co-
poly(ethyleneglycol) dimethacrylate (tBA-co-PEGDMA) polymers have been synthesised and characterised
prior to incorporation of organoclay. Increasing the poly(ethyleneglycol) dimethacrylate (PEGDMA) content in
increments of 10% increased the storage modulus from 2005 to 2250 MPa, reduced the glass transition temper-
ature from +41 to −26 °C and reduced the intensity of the associated tan δ peak. The tBA-co-PEGDMA
crosslinked networks displayed useful shape memory properties up to PEGDMA contents of 40%. Above this
PEGDMA percentage the materials were prone to fracture and too brittle for a realistic assessment of their
shape memory capability. The system containing 90% t-butylacrylate (tBA) and 10% PEGDMA was selected as
the host matrix to investigate how the incorporation of 1 to 5 mass% of a benzyl tallow dimethylammonium-
exchanged bentonite (BTDB) inﬂuenced the shape memory properties. X-ray diffraction data conﬁrmed that
BTDB formed amicrocomposite in the selectedmatrix and exerted no inﬂuence on the storagemodulus, rubbery
modulus, glass transition temperature, Tg, or the shape or intensity of the tan δ peak of the hostmatrix. Therefore,
it was anticipated that the presence of BTDBwould have no effect, positive or negative, nor on the shapememory
properties of thehostmatrix. However, itwas found that the incorporation of clay, especially at the 1 mass% level,
signiﬁcantly accelerated the speed, compared with the clay-free SMP, at which the microcomposite returned to
the original, permanent shape. This accelerated return to the permanent shape was also observed when the
microcomposite was coated onto a 100 μm PET ﬁlm.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).1. Introduction
Shape memory polymers (SMPs) have the ability to store a perma-
nent shape and be deformed into a temporary shape by applying an
external stress and temperature. This temporary shape is stored by
cooling into the dormant shape, in which it remains, until it is encour-
aged to return to its original, permanent shape (Fig. 1). The transforma-
tion from the stressed temporary shape back to the permanent,
stress-free shape is usually triggered by thermal (Liff et al., 2007),
electrical (Liu et al., 2009), or other environmental stimuli e.g. UV or vis-
ible radiation (Jiang et al., 2006). This change from temporary tood), c.breen@shu.ac.uk
multipkg.com (C.L. Hammond).
echnologies, Wolson School of
ugh University, Leicestershire
enix Centre, Nottingham, NG6
. This is an open access article underpermanent shape is essentially driven by the elastic strain stored in
the dormant shape during the initial deformation into the temporary
shape (Liu et al., 2007).
The most common SMPs are thermally-responsive, which means
that the material is deformed into its temporary shape, at one tempera-
ture and a second thermal change is required to initiate the return to its
original, permanent, shape. The temperature at which this change in
shape occurs is referred to as the transition temperature, Ttrans, and is
typically the glass transition temperature, Tg, or melting transition tem-
perature, Tm, of the polymer. The unique, ‘tunable’ properties of SMPs
make them attractive for a number of potential applications in almost
every avenue of life, ranging from self-repairing car bodies (Ikematu
et al., 1993), kitchen utensils (Lendlein and Kelch, 2002), switches to
sensors (Liu et al., 2009), intelligent packaging (Behl et al., 2010), toys
(Ikematu et al., 1993) and tools (Tong, 2004). A signiﬁcant number of
studies have focussed on the use of SMPs in biomedical applications in-
cluding sutures (Lendlein and Langer, 2002), stents (Venkatraman et al.,
2006), catheters (Liu et al., 2007), micro-actuators (Maitland et al.,
2002) and tissue scaffolds (Migneco et al., 2009). More recently, the
focus has moved towards SMPs with two temporary shapes whichthe CC BY license (http://creativecommons.org/licenses/by/3.0/).
Fig. 1. Schematic depiction of the unconstrained shape memory effect (SME) of a thermally activated SMP.
42 M.J. Barwood et al. / Applied Clay Science 102 (2014) 41–50transform in response to two different stimulus events (Behl et al.,
2010; Ge et al., 2013; Tao, 2010).
Two commonly adopted approaches to improve and expand the ap-
plications of SMPs are 1) optimise the polymer system's mechanical,
thermal and shape memory properties for the intended application
and/or, 2) incorporate nanomaterials into the optimised polymer to pro-
vide additional property enhancements. The knowledge that the incor-
poration of 1 to 5 mass% of well dispersed clay can increase both the
tensile properties and the storage modulus of the host polymer
(Annabi-Bergaya, 2008; Utracki, 2010)means that a clay polymer nano-
composite (CPN) has the potential to increase the energy stored within
the temporary shape of a SMP; giving it the ability to exert a stronger
physical force when returning to the original shape and/or transform
at a faster rate. Despite their potential to improve shape memory prop-
erties, clays have not been extensively studied. Most reports focus on
their positive inﬂuence on polyurethanes (PU) at organoclay (OC) levels
of 0.5 to 2 mass% (Cao and Jana, 2007; Chung et al., 2011; Haghayegh
and Sadeghi, 2012) although larger quantities of calcined attapulgite
(Xu et al., 2009) and grafted bentonite (Wu et al., 2013) were required.
Rezanejad and Kokabi (2007) established that adding 12 mass% of
Cloisite 15A (a dihydrogenated tallow dimethyl ammonium-bentonite)
increased the recovery stress by 200%. Finally, OC have been used to
improve the shape memory properties of epoxy CPN (Liu et al., 2011)
and nanofoams (Quadrini et al., 2012).
Acrylate polymers represent an ideal system for SMP/clay studies
since the copolymerization of linear acrylates (mono-functional mono-
mers) with acrylate cross linkers (multifunctional monomers) yields
SMPs with tuneable properties that can be optimised for speciﬁc app-
lications (Safranski and Gall, 2008; Voit et al., 2010). Previous investiga-
tions by Ortega et al. (2008), Yakacki et al. (2008) and Yang et al.
(2007) have shown that tert-butylacrylate-co-poly(ethylene glycol)
dimethacrylate (tBA-co-PEGDMA) networks have shape memory ability
with thermal and mechanical properties that can be readily tailored. In
this particular example a transition temperature near 40 °Cwas required.
To our knowledge the enhancement of tBA-co-PEGDMAnetworks via
incorporation of OC has yet to be reported, thus this contribution repre-
sents a benchmark study designed to explore the impact of clay on the
properties of an optimised acrylate based SMP system. It aims to identify
the inﬂuence of theOC loading on aUVpolymerised polyacrylate system,
of selected stoichiometry, and the effect on the resulting physical proper-
ties. The features under investigation are; the OC loading required to in-
ﬂuence the shape memory effect of self-supporting polymer ﬁlms (and
when coated onto a PET substrate); the effect of OC loading on the stor-
age moduli, the glass transition temperature, and, in particular, macro-
scopic effects including the shape ﬁxity, the extent of shape recovery as
well as the time required to return to the original, permanent shape.
2. Experimental
2.1. Materials
The mono-functional acrylate tert-butyl acrylate (tBA), the di-
functional acrylate poly(ethylene glycol) dimethacrylate (PEGDMA),with an average molecular weight of 750 g mol−1, the photoinitiator
2,2-dimethoxy-2-phenylacetophenone (DMPA) and accelerator
ethyl-4-(dimethylamino) benzoate (EDB) were purchased from
Sigma-Aldrich and used as received. The purity of tBA was 98%, while
the purities of the other reagents were ≥99%. The Cloisite 10A (C10A),
is a bentonite in which the resident Na+-cations have been replaced
by quaternary benzyl hydrogenated tallow dimethylammonium ions,
and was supplied by Rockwood Specialties Inc., UK. The substrate
material used in the coating studies was a 100 μm thick polyethylene
terephthalate (PET) ﬁlm (HiFi Films Ltd.).
2.2. Pre-treatment of commercial organoclay
Initial attempts to fully polymerise the tBA-co-PEGDMA systems in
the presence of as-received C10A were unsuccessful and the excess
surfactant present on C10A was identiﬁed as the cause. The excess
organomodiﬁer was removed, prior to use, by dispersion in water
while stirring at 80 °C for 1 h, then ﬁltered and washed with
propan-2-ol. This was repeated 6 times before drying at 70 °C for 4 h.
The fully washed material is subsequently referred to as benzyl tallow
dimethylammonium-bentonite (BTDB).
2.3. Preparation of polymers and PCN
2.3.1. tBA-co-PEGDMA
A series of polymer networks were prepared using selected ratios of
the monomers (Table 1). The tBA, PEGDMA, DMPA and EDB were
weighed out and added together in a glass vial, wrapped in foil and the
solution was magnetically stirred for 30 min at ca. 22 °C. The solution
was then sonicated for an additional 30min before photopolymerisation
(see Section 2.3.3 below).
2.3.2. tBA-co-PEGDMA/BTBD
The tBA90/PEGDMA10 polymer network was used as a host matrix
for selected quantities of BTBD (Table 1). The procedure was similar to
that described above except that the mixture was stirred for 24 h at ca.
22 °C, before sonication and photopolymerisation (Decker et al., 2005).
2.3.3. Polymer photopolymerisation
Photopolymerisation of stirred and ultrasonicated mixtures was
carried out in a mould constructed using two ultraviolet (UV) clear
glass slides, 100 × 100 × 1 mm3, to which UV clear PET ﬁlm liners,
12 × 12 × 0.1 mm3 were attached so that the reaction mixture was
only in contact with the PET ﬁlm and the 500 μm spacer. The reaction
mixtures were injected into the reaction cavity and the entire mould
was placed in a UV chamber (model CL-1000 ultraviolet cross-linker,
λ = 254 nm, output energy = 200 mJ/cm2). The mould was turned
over every 5 min for ca. 30 min to promote an even cure on both sur-
faces of the mould.
In order to polymerise the tBA90/PEG10 mixture, with and without
BTBD, onto the PET ﬁlm it was applied using a metre bar, producing a
ca. 30 μmthickﬁlm. The coated ﬁlmwas placed into a nitrogen gasﬁlled
Table 1
Sample description, notation, type, composition and clay content.
Sample Description Sample notation in ﬁgures Sample type tBA/mass% PEGDMA/mass% BTBD/mass%
tBA100/PEGDMA0 t100/P0 Film 100 0 0
tBA90/PEGDMA10 t90/P10 Film 90 10 0
tBA80/PEGDMA20 t80/P20 Film 80 20 0
tBA70/PEGDMA30 t70/P30 Film 70 30 0
tBA60/PEGDMA40 t60/P40 Film 60 40 0
tBA15/PEGDMA85 t15/P85 Film 15 85 0
tBA0/PEGDMA100 t0/P100 Film 0 100 0
tBA90/PEGDMA10/BTBD 0 t90/P10/BTBD 0 Film 90 10 0
tBA90/PEGDMA10/BTBD 1 t90/P10/BTBD 1 Film 90 10 1
tBA90/PEGDMA10/BTBD 3 t90/P10/BTBD 3 Film 90 10 3
tBA90/PEGDMA10/BTBD 5 t90/P10/BTBD 5 Film 90 10 5
tBA90/PEGDMA10/BTBD 0 t90/P10/BTBD 0 P Coated on PET 90 10 0
tBA90/PEGDMA10/BTBD 1 t90/P10/BTBD 1 P Coated on PET 90 10 1
43M.J. Barwood et al. / Applied Clay Science 102 (2014) 41–50chamber, equipped with a UV transparent window, and the entire
conﬁguration was placed into the UV chamber for ca. 30 min.2.4. Characterisation methods
Swelling tests and ATR-FTIR Spectroscopy were used to conﬁrm that
cross-linking had taken place andDSC traces (not illustrated) conﬁrmed
that the systems were fully cured. Samples (10 mm2) of tBA-co-
PEGDMA network sheets were cut and weighed for their initial mass,
mi, and separated into vials where they were immersed in 20 ml of
propan-2-ol. The samples were removed from the solvent periodically,
dried lightly and weighed until an equilibrium, swollen, mass, ms, was
reached. The equilibrium swelling ratio, q, was calculated using the
relationship, q = ms/mi.
The ATR-FTIR spectra were collected using a Nicolet, Nexus FT-IR
model at room temperature. X-ray diffraction traces of cast ﬁlms were
recorded, over an angular range of 5 to 40°2θ, using a Philips X'Pert
XRD, with a Cu X-ray source (λ= 1.542 Å), and a Philips Miniprop de-
tector. DynamicMechanical Analysis (DMA) was used to determine the
viscoelastic properties of the samples. A PerkinElmer model DMA8000
was employed in tension mode, with no pre-load, over a temperature
range of−50 to 150 °C, at a frequency of 1 Hz. The polymer samples,
25 × 5 (±0.1) × 0.5 mm3, were equilibrated at−50 °C for 3 min then
raised to 90 °C at a ramp rate of 3 °C min−1. The Tg was deﬁned as
the peak maximum of the tan δ curve. The rubbery modulus wasPTFE 
StandSample
Glass 
enclosure
Hotplate
a b
Weight
22.3 °C
Temperature 
Fig. 2. Schematic illustration of a) the deformation method, b) the customised shape memory e
and deformed to a temporary shape using an external force, which applied a ﬁxed compression
2 °C, while the external force wasmaintained, θMax. 3) The external force was removed and θFix
and recovery to θFinal was recorded over time (Lin and Wu, 1992).determined from the storage modulus, when it had reached a steady
state above the Tg as indicated by the unchanging tan δ curve.
The unconstrained shapememory capability of the tBA-co-PEGDMA
and tBA90/PEGDMA10 BTBD networks was evaluated using a
customised platform consisting of a hotplate, a glass enclosure and a
temperature probe (Fig. 2). The hotplate was pre-heated to a tempera-
ture that was 10 °C above the highest Tg of the samples under study, i.e.
Thigh= (Tg+10 °C). The sample, 40 × 20 × 0.5 mm3, was placed inside
the enclosure for 10 min to equilibrate at the Thigh temperature. The
sample was deformed, θMax, using a 250 g preheated steel weight and
maintained at Thigh in the enclosure, for an additional 5 min while the
sample was under strain, i.e. a ﬁxed compression stress. The sample
and the weight were taken from the enclosure and cooled to 3 ± 2 °C,
Tlow, in a fridge. At Tlow the external force was removed and the ﬁxed
deformability, θFixed°, was recorded. The sample was placed inside the
heated glass enclosure, still at Thigh, and the recovery angles, θi(t), that
occurred during the shape memory evaluation were determined from
still photographs captured, at appropriate time intervals, from video re-
cordings. Once the sample had completed its transformation towards its
permanent shape the value of θFinal was recorded. Three replicate as-
sessments of each sample were collected and the reproducibility was
such that the data point size (in Figs. 6, 9 and 10) covers the sample to
sample variation.
The unconstrained shape memory effect of uncoated PET and the
coated PET samples, 60 × 20 × 0.03 mm3, was determined by cutting
slits in the ﬂat samples (Fig. 3a) and placing them in the heatedSand 
heat 
sink
c
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Original Position
ffect (SME) evaluation platform and c) the shape recovery process. 1) Sample was heated
stress. 2) The sample wasﬁxed into its temporary shape by rapid cooling in a fridge, at 3±
ed°, was assessed. 4) The sample was placed in the heated chamber at a ﬁxed temperature
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Fig. 3. Schematic illustration of the cylindrical deformation method for coated PET samples.
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They were then deformed by inserting a cylindrical steel rod between
the alternate strips of coated, or uncoated, PET (Fig. 3b). The deformed
sample was then cooled in a fridge before the steel rod was removed
and the sample placed in the chamber at Thigh. The initial parameters
noted were θmax and θFixed. A θmax value of 100% reﬂected the ability of
the sample to completely adopt the temporary shape under the inﬂu-
ence of the deformation stress. If the sample relaxed after the stress
was removed then this was recorded as θFixed. Once these two initial
parameters had been recorded a standard unconstrained shape memo-
ry evaluation was carried out with θi(t) being recorded photographical-
ly, as described above, every 30 s.When the sample transformationwas
complete, or the original shape recovered, θFinal was recorded. The
parameters extracted from the θi(t) versus time plot were θ1/2 Final
Time, i.e. the time taken to recover 50% of the permanent shape, and
θFinal Time, the time taken to reach θFinal i.e. the time taken to return to
the permanent shape.
3. Results
3.1. Initial observations
The complete absence of three diagnostic absorbance bands in the
FTIR spectrum of tBA, assigned to C_C stretch (ca. 1636 and
1620 cm−1) and the C_CH2 twist (ca. 811 cm−1) following
photopolymerisation, together with the DSC data, conﬁrmed that the
reaction was complete (Warren et al., 2010). As the cross link density
increases a polymer becomes increasingly less able to swell and the
level of equilibrium swelling, q, decreases (Ortega et al., 2008; Smith
et al., 2009a; Warren et al., 2010). Linear tBA, t100/P0, completely dis-
solved in propan-2-ol in a matter of hours indicating a complete ab-
sence of covalent cross-links. The equilibrium swelling ratios, q, for
the networks, t90/P10 to t0/P100, in propan-2-ol decreased as the
amount of PEGDMA, the cross-linking agent, increased (Fig. 4)
conﬁrming that the covalent cross-links acted to prevent polymer ex-
pansion and swelling.
3.2. Shape memory behaviour of clay-free acrylate systems
3.2.1. Dynamic mechanical analysis
The temperature variation of the storage modulus and tan δ, of the
t100/P0 to t0/P100 samples, were plotted as a function of temperature,
−50 to 125 °C (Fig. 5), and the relevant dynamicmechanical properties
are summarised in Table 2.
Fig. 5a shows that the storage modulus at −50 °C increased as
the PEGDMA content increased (Table 2) as did the rubbery modulus
(at ca. 100 °C), whereas Fig. 5b shows that both the temperature at
which themaximum in tan δ occurred, and the associated peak intensi-
ty, decreased with increased PEGDMA content. The temperature atwhich themodulus dropped sharply marked the onset of the Tgα transi-
tion, when large segments of the polymer chains gain sufﬁcient thermal
energy to begin moving, and established the starting point of the shape
memory effect. Tsai et al. (2008) suggested that a sharp, at least one
order of magnitude, decrease in storage modulus provides convincing
evidence that a polymer system will demonstrate shape memory capa-
bility (Du and Zhang, 2010). The temperature atwhich the tan δmax for a
particular sample occurred (Fig. 5b) was used to deﬁne the Tg of the
polymer system under investigation, while the intensity and shape of
the tan δ peak provided information concerning the nature of the trans-
formation from the temporary to the permanent shape. A sharp, intense
tan δmax peak followed by a reduction in tan δ to values below 0.5 indi-
cates that a SMP will behave in a manner similar to an elastomer and
display a signiﬁcant shape recovery when evaluated. In contrast, a low
intensity tan δmax indicates that a lesser shape recovery will occur
(Chun et al., 2002; Tsai et al., 2008). Hence, a narrow, intense tan δ
peak indicates a fast transformation whereas a weak broad peak sug-
gests that the transformation will be slower. A large, steep drop in stor-
age modulus indicates that the energy stored in the deformation
process will enable the SMP to exert a strong physical force as it returns
to its permanent shape. This ability is particularly useful when the SMP
has to work against an opposing force such as when used as a stent
where it has to open up a collapsed blood vessel and keep it open
(Ratna and Karger-Kocsis, 2008). Alternatively, when used as a suture
it may be required to contract and in so doing pull two pieces of ﬂesh
together (Liu et al., 2009).
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Fig. 5. Temperature dependence of a) storage modulus, and b) tan δ for the t100/P0 to t0/P100 networks over the temperature range−50 to 125 °C.
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was 2129MPa at−50 °C and this steadily decreased reaching a value of
1903 MPa at−47 °C. The Tg of this system was−26 °C at which point
the tan δmax value was 0.6 tan δ (Fig. 5b). This latter value was sufﬁcient
to indicate that pure PEGDMA would exhibit shape memory capability,
while the return to a tan δ of ca. 0 after the transition indicated that it
should also behave like an elastomer. The reduction in modulus of the
t0/P100 network was close to one and a half order of magnitude, from
2129 MPa at −50 °C to 34 MPa at the end of the Tgα transition. The
gradual increase in the storage modulus to 42 MPa after the transition
stage was attributed to thermally induced crystallisation (Smith et al.,
2009a,b). Overall, pure PEGDMA (t0/P100) was predicted to exhibit
some useful shape memory properties.
At−50 °C pure tBA, t100/P0, exhibited an initial storagemodulus of
ca. 2005 MPa (◊, Fig. 5a) which decreased steadily until ca. +22 °C,
when themodulus had reached ca. 1145MPa. The narrow, high intensi-
ty tan δmax value, of 2.1 tan δ, together with the return back to a tan δ
value of zero (Fig. 5b), indicated that pure tBA would behave like an
elastomer and display signiﬁcant shape recovery when evaluated. At
tan δmax (41 °C) themodulus had reduced to ca. 22 MPa, and continued
to decrease steadily until at the end of the Tgα transition it had reached
ca. 0.2 MPa. The drop in pure tBA storage modulus was almost four or-
ders of magnitude; i.e. a very strong indication of a useful shapememo-
ry capability (Tsai et al., 2008).
The systems with the more intense tan δmax values, i.e. t90/P10 to
t60/P40 (Table 2),were anticipated to exhibit signiﬁcant shape recovery
when evaluated whereas the lower tan δmax value for the t15/P85 net-
work (0.7 tan δ), offered a clear evidence that the shape recovery
would be less dramatic (Chun et al., 2002; Tsai et al., 2008). Note that
the 100-fold reduction in the storage modulus of the t90/P10 to t15/Table 2
Summary of the values obtained from dynamic mechanical analysis for the t100/P0 to t0/P100
Sample notation Storage modulus/MPa
−50 °C −30 °C −10 °C 10 °C
t100/P0 2005 1756 1605 1368
t90/P10 2108 1961 1782 1416
t80/P20 2035 1847 1597 1194
t70/P30 1923 1688 1342 659
t60/P40 2168 1719 1194 160
t15/P85 2249 759 27 21
t0/P100 2129 292 36 35P15 networks provided good evidence for useful shape memory ability
(Du and Zhang, 2010; Tsai et al., 2008). The increase in storagemodulus
as the PEGDMA content increasedwas anticipated aswas the associated
increase in the rubbery modulus (Kramer et al., 2010).
Overall the storagemodulus, rubberymodulus and tan δ results, sug-
gested that addition of PEGDMA to tBA resulted in a controllable shift, to
lower temperatures, of the Tg and a reduction in the tan δmax peak inten-
sity. The rubbery storagemodulus increased as the PEGDMA content in-
creased in linewithworkwith related systems (Gall et al., 2005; Kramer
et al., 2010; Ortega et al., 2008).
3.2.2. Evaluation of the unconstrained shape memory effect
Unconstrained shape memory evaluation was employed to deter-
mine the extent to which each network would demonstrate shape
memory and to explore the effect of increasing PEGDMA content on
the speed and extent of shape reversal (Fig. 6). Cross-linked tBA-
co-PEGDMA polymer networks are a class I type SMP, with a Ttrans = Tg
(Liu et al., 2007). An appropriate SME temperature range to account for
the different Tg values, which range from −26 °C for pure PEGDMA
to +41 °C for pure tBA (Table 2), needed to be identiﬁed and a Thigh
value of 50 °C, which was 10 °C above the highest Tg, was chosen to
ensure full shape recovery in all the relevant samples. Each network
was annealed at 70 °C for 15 min prior to being deformed (Table 3).
Due to the higher PEGDMA, and hence cross-link, content the t60/
P40 and t15/P85 networks were too brittle for an effective shapemem-
ory evaluation. The increased cross-link density most likely caused the
stress–strain behaviour of the material to change from an elastomeric
response to a stiff network with a pronounced brittle response
(Ortega et al., 2008). The t100/P0 network exhibited a θMax of 100%
(Table 3), demonstrating that it was elastic enough to accommodate anetworks over the temperature range−50 to 90 °C.
Tgα/°C Tan δmax
30 °C 50 °C 70 °C 90 °C
637 0.8 0.2 0.2 41 2.1
425 2 0.7 0.5 39 2.1
61 4 3 3 33 1.7
10 4 3 2 24 1.3
9 8 8 8 15 1.1
22 24 25 27 −18 0.7
37 39 41 42 −26 0.6
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Fig. 6.Unconstrained recovery of the tBA-co-PEGDMAnetworks, from temporary shape to
permanent shape, plotted against time at a ﬁxed temperature, 50 °C.
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formation constraint was removed, thus a θFixed value of 100% was
assigned, which demonstrated that the t100/P0 material could easily
store the full amount of imparted strain. Yang et al. (2007) reported
that at low temperatures, i.e. Tlow, the entropy driven strain recovery
forces are simply not sufﬁcient to overcome the barrier to shape recov-
ery. Consequently, the deformation cannot recover while the sample is
maintained at Tlow, even at long times, because the activation energy
required to initiate recovery cannot be achieved.
Shape memory recovery was carried out at 50 °C and the recovery
angle, θi(t), was recorded until the pure tBA reached a θFinal of 100%
(Fig. 6) which demonstrated that tBA was able to store the deformed
strain at Tlow, and return to its original shape. This agreedwith literature
predictions (Ortega et al., 2008), in that low, possibly negligible, cross-
link density should produce a SMP with a large recoverable strain but
very little ability to generate force. The θ1/2 Final and θFinal Times of recov-
ery, ca. 6 and 11 s, respectively, demonstrated that the t100/P0 network
recovered ca. 50% of its permanent shape in ca. half of the time required
to return to its permanent shape.
The t90/P10 to t70/P30 networks also displayed a θMax of 100% indi-
cating that although the PEGDMA content, and therefore the number of
cross-links, had increased this did not increase the elasticity nor impair
the ability to accommodate a high level of deformation strain. The θFixed
value was 100% for all networks, t90/P10 to t70/P30, which indicated
that increasing the PEGDMA content to 30 mass% did not diminish the
network's ability to retain its temporary shape at Tlow. The t90/P10 to
t70/P30 networks demonstrated, by achieving a θFinal of 100%, that
they were also capable of storing the deformed strain at Tlow and couldTable 3
Values, obtained using a Thigh of 50 °C, for the parameters θMax, θFixed, θ1/2 Final, θFinal, θ1/2 Final Tim
samples described in Table 1.
Sample description Sample notation in ﬁgures θMax/% θF
tBA100/PEGDMA0 t100/P0 100 10
tBA90/PEGDMA10 t90/P10 100 10
tBA80/PEGDMA20 t80/P20 100 10
tBA70/PEGDMA30 t70/P30 100 10
tBA90/PEGDMA10/BTBD 0 t90/P10/BTBD 0 100 10
tBA90/PEGDMA10/BTBD 1 t90/P10/BTBD 1 100 10
tBA90/PEGDMA10/BTBD 3 t90/P10/BTBD 3 100 10
tBA90/PEGDMA10/BTBD 5 t90/P10/BTBD 5 100 10
tBA90/PEGDMA10/BTBD 0 P t90/P10/BTBD 0 P 100 9
tBA90/PEGDMA10/BTBD 1 P t90/P10/BTBD 1 P 100 8then return to their original shape. These networks also behaved as an-
ticipated, based on the DMA results (Fig. 6), which identiﬁed the pro-
pensity for large recoverable strains (Ortega et al., 2008). The θ1/2 Final
and θFinal Times of recovery (Table 3) demonstrated that the t90/P10
to t70/P30 networks also recovered 50% of their permanent shape in
ca. half the full recovery time.
Overall these results indicated that as the PEGDMA content in-
creased there was a corresponding increase in the θ1/2 Final and θFinal
Times of recovery. The t70/P30 network demonstrated faster θ1/2 Final
and θFinal Times of recovery than the t80/P20 network which may
have its origins in that the increased number of cross-links could have
enabled it to store larger amounts of energy culminating in a faster re-
sponse. A complete assessment of the shape memory ability of the en-
tire t100/P0 to t0/P100 system was not possible because of the
brittleness of the t15/P85 and t0/P100 networks, but, it is almost certain
that their shape recovery ability would be lower because highly cross-
linked networks generally demonstrate low recoverable strain (Ortega
et al., 2008). In effect these observations correspond well with the
DMA results which identiﬁed those networks with the ability to recover
their permanent shape and exhibit large recoverable strains.3.2.3. Summary of clay-free acrylate networks
The tBA-co-PEGDMA networks were fully cured and thermally sta-
ble, offering useful mechanical properties with most of the investigated
combinations able to provide a shapememory response. Networkswith
high PEGDMA contents exhibited poor shapememory properties, being
brittle and fracturing when subjected to large deformations. The t90/
P10 network showed the most promise because it could be fully
polymerised, offered useful mechanical properties, with similar elastic-
ity and shape recovery capability to pure tBA, and had a rubbery modu-
lus (above its Tg) capable of withstanding moderate mechanical load.
However, even though this system returned to its permanent shape in
only 13 s, it still exhibited relatively poor mechanical strength when
compared to shape memory metal alloys (Lin and Wu, 1992); a classic
shortcoming of SMPs. The incorporation of well dispersed OC is
known to enhance the mechanical properties of acrylate networks
(Ingram et al., 2008; Oral et al., 2009; Wu et al., 2010) but the effect of
clay incorporation on the shape memory properties has not previously
been explored. Consequently, the consequences of adding BTBD to the
t90/P10 system were investigated.3.3. Shape memory behaviour of clay–acrylate nanocomposites
3.3.1. Initial observations
Swelling tests were carried out and the ATR-FTIR spectra collected,
as described in Section 3.2.1 above, which conﬁrmed that the polymer
networks had fully cured and formed cross-links and that all the
BTBD-containing networks displayed similar swelling properties to
the equivalent pure polymer (Fig. 4).e, and θFinal Time,which describe the recovery from temporary to permanent shape, for the
ixed/% θ1/2 Final/% θFinal/% θ1/2 Final Time/s θFinal Time/s
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Fig. 7. Cu XRD traces of BTBD and the t90/P10/BTBD 0 to 5 networks.
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The XRD trace for BTBD powder (Fig. 7) displayed diffraction peaks
at 4.2 °2θ (21.0 Å),19.7 °2θ (4.5 Å), and 35.0 °2θ (2.6 Å) which corre-
spond to (001), (110,020) and (130, 200) reﬂections, respectively. The
trace for the sample prepared without clay (t90/P10/BTBD 0) showed
two broad reﬂections at 9.1 °2θ (9.7 Å) and 17.5 °2θ (5.1 Å) which
were attributed to the polymer. The XRD traces for the systems contain-
ing 1, 3 and 5 mass% BTBD (t90/P10/BTBD 1, 3 and 5) all displayed a sin-
gle peak at 4.5 °2θ (19.6 Å) aswell as the two reﬂections associatedwith
the polymer, at 9.5 °2θ (9.7 Å) and 17.5 °2θ (5.1 Å). The diffraction peaks
associated with BTBD at 19.7 °2θ (4.5 Å) and 35.0 °2θ (2.6 Å) were too
weak to be seen at these addition levels.
The low angle reﬂection associated with BTBD, in the BTBD-
containing networks, appeared at slightly higher angles than that of
the BTBD powder (Fig. 7). Vaia and Liu (2002) have advised caution
when tempted to overstate the consequences of small shifts in the posi-
tions of reﬂections in CPN, because several factors can contribute to
a decrease in diffraction peak intensity and uncertainty concerning
the distance between the layers. The apparent reduction in basal
spacing from 21.0 to 19.6 Å could indicate a reduction in the interlayer
content but a more likely explanation, in accord with Vaia and Liu's0.1
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Fig. 8. Temperature dependence of a) storage modulus, b) tan δ of the t90/interpretation, is that the shift arises from a change in the number of
layers per stack and angular variations between layers in a stack. None-
theless, the diffraction data conﬁrmed that polymerisation did not
occur, nor was polyacrylate present, in the interlayer space. The appar-
ent absence of poly(tBA-co-PEGDMA) in the interlayer contrasts
with the report of Ingram et al. (2008) who found that quaternary
(bis-2-hydroxyethyl) methyl tallow ammonium-exchanged Cloisite,
C30B, formed exfoliated/intercalated CPN in a radically-initiated
methylmethacrylate (MMA) network. The XRD trace for MMA con-
taining 1 and 2 mass% C30B exhibited no diffraction peaks leading
the authors to suggest full exfoliation, whereas the XRD trace for the
4 mass% 30B/MMA sample displayed a reﬂection at 2.1 °2θ (42.0 Å)
indicating that an intercalated CPN had been produced.
3.3.3. Dynamic mechanical analysis of clay–acrylate nanocomposites
The storage modulus and tan δ values, for the t90/P10/BTBD 0 to
5 networks, are plotted in Fig. 8 over the temperature range, −50
to +125 °C, and the associated values for the properties of interest
are summarised in Table 4. The data for the t90/P10/BTBD 0 sample
was described above (t90/P10, Fig. 5, Table 2) and the samples prepared
by incorporation of BTDB into this host matrix, t90/P10/BTBD 1 to 5, ex-
hibited initial storage moduli of ca. 1949, 1629 and 1702 MPa, respec-
tively, at−50 °C which steadily decreased reaching values of ca. 1417,
1040 and 1083 MPa at 12 °C. The ensuing steep drop in the moduli
established the starting point of the shape memory effect and resulted
in reductions of at least three and a half orders ofmagnitude inmodulus,
reaching 1.0, 0.5 and 0.6 MPa, respectively, at 150 °C.
The Tg values for the t90/P10/BTBD 1, 3 and 5 samples were very
similar at 37, 37 and 38 °C, respectively. The corresponding tan δmax
values, 2.1, 2.0 and 1.8 tan δ, taken togetherwith the reduction in the as-
sociated tan δ values to zero, were large enough to conﬁdently predict
that these networks would display elastomeric behaviour and exhibit
useful shape memory properties. However, these results were remark-
ably similar to the t90/P10 host polymer so no dramatic increase in
shape memory capability was expected.
The DMA results conﬁrmed that the incorporation of BTBD resulted
in no signiﬁcant shift of the Tg and only small reductions in the tan δmax
peak intensity; as noted for shape memory clay-epoxy nanocomposites
(Liu et al., 2011). The rubbery modulus of the t90/P10/BTBD 1 network
was more than twice that of the other, clay-containing, networks indi-
cating that it could maintain greater mechanical loading than the
other systems when T N Tg. Benfarhi et al. (2004) and Okamoto et al.
(2000) also noted that the highest modulus was obtained with a clay
loading of ca. 1 mass% in related, non-SMP, acrylate CPN. However, as
the BTBD content was increased the initial storage modulus decreased0.0
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P10/BTBD 0 to 5 networks over the temperature range−50 to 125 °C.
Table 4
Summary of the values obtained from dynamic mechanical analysis for the t90/P10/BTBD 0 to 5 networks over the temperature range−50 to 150 °C.
Sample description Storage modulus/MPa Tg/°C Tan δmax
−50 °C −25 °C 0 °C 25 °C 50 °C 100 °C 150 °C
t90/P10/BTBD 0 2108 1928 1629 876 2 0.5 0.4 40 2.1
t90/P10/BTBD 1 1949 1808 1563 549 2 2.0 1.0 37 2.1
t90/P10/BTBD 3 1629 1562 1276 459 2 0.8 0.5 37 2.0
t90/P10/BTBD 5 1702 1564 1322 508 3 1.0 0.6 38 1.8
100
120
e
b   30 sec
c  90 sec d  180 sec
a  0 sec
48 M.J. Barwood et al. / Applied Clay Science 102 (2014) 41–50from that of the hostmatrix which corresponded to reportswhere acry-
late networks, PU-based acrylates and epoxy-based acrylates, exhibited
a drop in initial storage modulus with increasing clay content (Benfarhi
et al., 2004; Keller et al., 2004). It is, however, more common for the ini-
tial storage modulus to increase when the OC is effectively dispersed
throughout the polymer matrix (Decker et al., 2005; Okamoto et al.,
2001; Shemper et al., 2004; Xu et al., 2006; Zang et al., 2009).
3.3.4. Evaluation of the unconstrained shape memory effect
The unconstrained shapememory ability was evaluated to establish
whether the BTBD-containing networks would demonstrate shape
memory and to determine the effect of BTBD content (Fig. 9). The
close proximity of the Tg values for the different samples meant that a
single deformation regime was appropriate. Table 3 summarises the
properties of interest.
Once again the values of θFinal, θ1/2 Final Time and θFinal Time (Fig. 9,
Table 3) conﬁrmed that the clay-free network stored the full load of
imposed strain and that it recovered 50% of its permanent shape in
half the time required for full recovery. The t90/P10/BTBD networks
also displayed a θMax of 100%, conﬁrming that the BTBD content did
not retard the elasticity nor reduce the networks' ability to accommo-
date a high level of deformation strain. The θFixed results were also
100% for all these systems conﬁrming that an increased BTBD content
did not diminish the ability of the networks to retain their temporary
shape. Reaching a θFinal of 100% proved that these networks could
store the deformed strain and return to their permanent shape. The
θ1/2 Final and θFinal Times of recovery (Table 3) demonstrated that the
BTBD-containing samples also recovered 50% of their permanent
shape in ca. half the full recovery time. Most of these observations
corresponded well with the results predicted by DMA, but the DMA
data was singularly unable to predict the extent to which the presence
of BTBD accelerated the rate of permanent shape recovery. The fastest
return to the permanent shape was achieved when 1 mass% BTBD was
incorporated. Liu et al. (2011) also observed that the θFinal Times of
recovery for clay-epoxy SMP did not vary systematically with OC
content and the shortest recovery time occurred when 3 mass% of a0
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Fig. 9. Unconstrained SME testing of t90/P10/BTBD 0 to 5 networks, from temporary to
permanent shape, plotted against time at a ﬁxed temperature, 50 °C.cetyltrimethylammonium-clay was used. The authors attributed this
non-systematic variation to a reduction in OC dispersion at loadings of
4 and 5 mass%.
3.3.5. Imparting shape memory effect to PET ﬁlm
The t90/P10/BTBD 1 network demonstrated the fastest return to its
permanent shape and exhibited the largest rubbery modulus
(2.0 MPa) so it was chosen as the preferred system to coat onto a PET
substrate. The aim was to determine whether this acrylate network
could confer shapememory capability to the PET substrate andwhether
the presence of BTBD offered any additional capability (Fig. 10). The t90/0
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Fig. 10. Unconstrained SME testing of t90/P10/BTBD 0 and 1 coated PET substrates, from
temporary to permanent shape. Video capture images of a t90/P10/BTBD 1 SMP coated
PET at sequential time intervals a) 0, b) 30, c) 90 and d) 180 s; e) recovery % against
time. All data were obtained at a ﬁxed temperature, 50 °C.
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deformed, after annealing at 70 °C, and their shape memory recoveries
determined as described in Section 2.4 (Figs. 2 and 3).
The uncoated PET sample was deformed to a θMax of 100% (Fig. 3)
and cooled to Tlow, 0 to 5 °C. Upon removal of the steel rod the uncoated
PET sample immediately collapsed; dramatically demonstrating a θFixed
value of 0%. The t90/P10/BTBD 0 coated substrate was deformed in the
same manner and achieved a θMax of 100% demonstrating that the
shape memory coating had accommodated the deformation stress but
the sample relaxed a little at Tlow leading to a θFixed value of 93%. This
conﬁrmed that the t90/P10/BTBD 0 P coated substrate could be
deformed to a large degree and was able to store the majority of the
imposed strain, in marked contrast to the behaviour of the uncoated
PET which collapsed back to its permanent (ﬂat) shape when the steel
rod was removed. The t90/P10/BTBD 0 P sample reached an ultimate
recovery, θFinal, of 90% with corresponding θ1/2 Final and θFinal Times of
90 and 540 s, respectively, showing that the t90/P10/BTBD 0 P coated
substrate recovered 50% of the θFinal very rapidly compared to the full
recovery time.
The t90/P10/BTBD 1 P coated substrate exhibited a θMax of 100 % and
a θFixed of 80% proving that it was also able to accommodate, and store, a
high level of deformation stress, albeit less than the pure acrylate coated
substrate. The t90/P10/BTBD 1 coated PET substrate achieved a θFinal of
96% which demonstrated that neither the t90/P10/BTBD 0 nor t90/
P10/BTBD 1 coated PET were able to fully return to their permanent,
ﬂat shape. The θ1/2Final and θFinal Times of recovery for the t90/P10/
BTBD 1 P sample were 18 and 270 s, respectively, which demonstrated
that the presence of as little as 1 mass% BTBD in a shape memory CPN
could signiﬁcantly accelerate the rate of permanent shape recovery of
a coated substrate.
4. Conclusions
The tBA-co-PEGDMA crosslinked networks displayed useful shape
memory properties up to PEGDMA contents of 40%. Above this
PEGDMA content the materials were prone to fracture and too brittle
for a realistic assessment of their shape memory capability. The
tBA90/PEGDMA10 material was selected as the host matrix to investi-
gate the effect of incorporating OC on the shape memory capability.
X-ray diffraction data conﬁrmed that BTBD formed a microcomposite
in the selected matrix and hence exerted no inﬂuence on the storage
modulus, rubbery modulus, glass transition temperature, Tg, or the
shape or intensity of the tan δ peak of the host matrix. Therefore, it
was anticipated that the presence of BTBDwould have noeffect, positive
or negative, on the shapememory properties of thehostmatrix. Howev-
er, it was found that the incorporation of clay, especially at the 1 mass%
level, signiﬁcantly accelerated the speed at which the microcomposite
returned to the original, permanent shape. This accelerated return to
thepermanent shape, compared to the clay-free SMP,was also observed
when the microcomposite was coated onto a 100 μm PET ﬁlm.
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